Purpose: To describe and interpret the features of pachychoroid neovasculopathy (PNV) using optical coherence tomography angiography (OCTA) technique. Methods: This is an observational case series of patients who presented with PNV. Best-corrected visual acuity (BCVA), anterior segment examination, dilated funduscopic examination, infrared and autofluorescence fundus images and spectral-domain optical coherence tomography (SD-OCT; B-scan, 'en-face' and OCTA) were carried out for all patients. Choroid thickness was measured using enhanced depth imaging (EDI) mode. Colour fundus photographs, fundus fluorescein angiography (FFA) and indocyanine green angiography (ICGA) were not performed systematically. Optical coherence tomography angiography (OCTA) features of PNV are described and interpreted. Results: Five eyes of five patients with a mean age of 62.2 years (range, 53-73 years) presenting with PNV were analysed. They all presented pachychoroid pigment epitheliopathy (PPE) with choroidal thickening and dilated choroidal vessels as seen with EDI-OCT. Fluorescein angiography (FFA) was performed in three patients showing multiple areas of retinal pigment epithelium atrophy and fundus lesions suggestive of chronic central serous chorioretinopathy. Indocyanine green angiography (ICGA) in one patient confirmed the presence of large choroidal veins and choroidal hyperpermeability seen beneath the area of the neovascular tissue. Two eyes had the appearance of polypoidal structures within the neovascular tissue, with the characteristic aspect of the polypoidal lesions on B-scan and 'en-face'. Optical coherence tomography angiography (OCTA) showed the appearance of tangled filamentous vascular network in all eyes. Conclusion: Optical coherence tomography angiography (OCTA) is a safe, highly sensitive and specific examination for the detection of type 1 neovascularization associated with PPE. Features are characteristic of tangled filamentous vessels overlying a focal area of thickened choroid.
Introduction
The term pachychoroid [pachy-(prefix) : thick] pigment epitheliopathy (PPE) is defined as a permanent and abnormal increase in the choroidal thickness, often manifesting dilatation of the large outer oval choroidal vessels (Haller's layer), compressing the overlying choriocapillaris and Sattler's layer (Warrow et al. 2013; Lehmann et al. 2015; Pang & Freund 2015) . Other structure alterations of the normal choroidal architecture may be seen as well (Gallego-Pinazo et al. 2014) . Recent reports suggest that this entity likely resides within a spectrum of pachychoroid-related macular disorder. Among those disorders were described: the central serous chorioretinopathy (CSC) in which choroidal congestion and choroidal hyperpermeability play a role in serous pigment epithelium detachment (PED); Imamura et al. 2009; Maruko et al. 2010 Maruko et al. , 2011 Kim et al. 2011) ; the PPE which likely represents a 'forme fruste' of CSC (Warrow et al. 2013) ; the PNV which includes type I [subretinal pigment epithelium (RPE)] choroidal neovascularization (CNV) that usually occurs overlying focal areas of choroidal thickening (Pang & Freund 2015) ; and finally the polypoidal choroidal vasculopathy (PCV) which is considered to be an eventual progression of PNV (Ahuja et al. 2001; Chung et al. 2011; Khan et al. 2012; Pang & Freund 2015) .
Recent progress in retinal imaging based on enhanced depth imaging (EDI; Spaide et al. 2008 ) and swept source optical coherence tomography (SS-OCT) technologies (Potsaid et al. 2010 ) has provided new insights and enabled a precise structural and functional analysis of the choroid. Among those recent technologies, optical coherence tomography angiography (OCTA), which is a new technique derived from the 'en-face' OCT, allows non-invasive visualization of retinal and choroidal structure using motion contrast. Optical coherence tomography angiography (OCTA) generates this motion contrast by differentiating between moving cells in the vasculature and static surrounding tissue, without requiring dye injection. This contrast is created by calculating the decorrelation of signal amplitude from repeated Bscans at the same cross section. The vascular decorrelation signal generated enables visualization of three-dimensional retinal and choroidal vasculature (Jia et al. 2014) . Recently, Bonini Filho et al. (2015) demonstrated the high sensitivity and specificity of OCTA for the detection of CNV in eyes with chronic central serous chorioretinopathy (CCSC). The aim of this report was to describe the clinical and morphological findings of PNV and to interpret its specific features in five patients who presented PPE with PNV using OCTA.
Subjects and Methods
In this observational non-consecutive case series, eyes of patients presenting with PPE with no features of agerelated macular degeneration (AMD) or any other degenerative changes were analysed. Patients were all referred to a retina referral private practice centre by general ophthalmologists for atypical decrease in vision. A bilateral ophthalmological examination including measurement of best-corrected visual acuity (BCVA), anterior segment examination, dilated funduscopic examination and spectral-domain optical coherence tomography (SD-OCT; both B-scan and 'en-face') were performed for all patients (Avanti RT View XR Optovue Angiovue device or Heidelberg Engineering Spectralis HRA-OCT Multicolor upgraded for OCT angio, Inc, Vista, CA, USA).
Choroid thickness was measured using EDI mode on SD-OCT. For some patients, when necessary, an infrared and fundus autofluorescence (FAF) fundus images, a fundus fluorescein angiography (FFA) and/or an indocyanine green angiography (ICGA) were performed. Subfoveal choroidal thickness (SFCT) measurement, defined as the distance from the outer portion of the hyper-reflective line (corresponding to the RPE) to the inner surface of the choroidal-scleral junction, was carried out by EDI-OCT scans. Finally, imaging using SD-OCT (OCTA software) within a commercially available device that operates at 70.000 A-scans per second to acquire OCTA volumes was carried out for all five patients. A specific software algorithm within this device, based on splitspectrum amplitude decorrelation angiography, generated three-dimensional 3 9 3-mm and 6 9 6-mm OCT 'en-face' images, which were coregistered with the cross-sectional OCT Bscans, allowing visualization of both retinal and choroidal flow and structure. The OCTA images of all eyes were described and evaluated for possible CNV.
Results
The mean age of the patients was 56 years (range, 42-71 years). Five eyes of five patients were included. All five patients were Caucasian, and one was a female. All patients were referred for atypical decrease in vision. Two patients (patient four, five) had a history of previous resolved episodes of CCSC, and another patient (patient two) presented an episode of active diffuse retinal epitheliopathy. The mean presented Snellen BCVA in the affected eye was 20/40 (range 20/25 to 20/80). None of the patient had a history of AMD or myopic degeneration. On dilated funduscopic examination, all five eyes revealed reduced fundus tessellation associated with reduced vascular choroidal markings, indicating a thickened choroid. Mean SFCT as measured with EDI-OCT was 457.6 lm (range, 369-576 lm) in the affected eye and 490.2 lm in the fellow eye (range, 429-614 lm). Table 1 shows demographic and clinical features of all subjects. Case reports and imaging of the five patients are detailed below.
Case 1
A 73-year-old male presented with progressive decrease of right eye (OD) vision that started one year ago. He has a history of neutropenia for which he was taking methotrexate and oral steroids (methylprednisolone). He reported three previous intravitreal injections of anti-VEGF OD. On the day of presentation, BCVA was 20/80 OD and 20/25 in the left eye (OS). The results of anterior segment examination were unremarkable. Dilated fundus examination revealed a reddish orange background OD. A large area of gravitational hyperautofluorescence was observed on FAF. Fundus fluorescein angiography (FFA) demonstrated a large area of rapid but irregular hyperfluorescence inferior to the macula, with some pinpoints at late stages ( Fig. 1 ). Indocyanine green (ICG) revealed a neovascular network with an extremely dilated temporal-inferior vein at early stages, and a hyperfluorescent plaque without polypoidal structures at late stages. Enhanced depth imaging-optical coherence tomography (EDI-OCT) revealed undulating PED associated with intraretinal cystoid lesions. Subfoveal choroidal thickness (SFCT) was measured at 437 lm OD and 380 lm OS, along with dilation of choroidal vessels under the neovascular zones and the presence of cavitations in Sattler layer. Optical coherence tomography angiography (OCTA) confirmed the presence of neovessels with a shape of sparse tangled hyper-reflective filamentous structures in the choriocapillaris region, only in the affected eye. As the BCVA was stable, the patient continued to be followed without intervention.
Case 2 A 53-year-old male with no medical history presented with a central scotoma in the right eye for over three years. He had an ocular history significant for diffuse retinal epitheliopathy in his left eye, which was treated with Argon laser and intravitreal anti-VEGF therapy with modest improvement. On examination, BCVA was 20/25 OD and 20/100 OS. The results of anterior segment examination were unremarkable. Dilated fundus examination revealed decreased markings of choroidal vessels in both eyes with decrease in multifocal RPE changes. Fundus autofluorescence (FAF) showed in the left eye large areas of diffuse atrophy with some hyperautofluorescent spots and areas of hyperautofluorescence. Fundus fluorescein angiography (FFA) showed multiple areas of RPE atrophy and fundus hyperfluorescent lesions suggestive of active CCSC (Fig. 2) . No choroidal new vessels could be detected. Enhanced depth imagingoptical coherence tomography (EDI-OCT) revealed subretinal fluid and intraretinal cystoid lesion, with a very shallow undulating RPE detachment. When overlying the enlarged calibre of choroidal vessel, Sattler's layer and the choriocapillaris layer were not visible on EDI-OCT. Subfoveal choroidal thickness (SFCT) on EDI-OCT measured 576 lm OD and 614 lm OS. A 'double-layer sign' consisting of fluid accumulation between RPE and Bruch membrane was noted on SD-OCT. Optical coherence tomography angiography (OCTA) images demonstrated an aspect of sparse tangled filamentous neovessels that corresponded to a type 1 neovascularization adjacent to a focal thickened choroidal area. Those features were absent in the fellow eye. Given the stability of the BCVA in the affected eye that was 20/25 during the last visit, the patient continued to be followed closely without treatment.
Case 3
A 58-year-old woman complained of blurred vision for 7 years in her right eye. She was referred for RPE depigmentation near the fovea and idiopathic choroidal neovascularization. She had no significant medical history or history of steroids use. On examination, best-corrected Snellen visual acuity was 20/40 OD and 20/25 OS. The results of anterior segment examination were unremarkable. The choroid was particularly thick with several dilated choroidal veins noted below the area of greatest RPE changes. Dilated funduscopic examination demonstrated reduced choroidal vascular markings with bilateral focal areas of RPE alterations. Subfoveal choroidal thickness (SFCT) on EDI-OCT measured 525 lm OD and 429 lm OS. Spectral-domain optical coherence tomography (SD-OCT) B-scans showed subretinal fluid overlying a shallow PED. Finally, on OCTA examination, the same aspect of sparse tangled filamentous vascular network consistent with the presence of type 1 CNV on an adjacent area of focal choroidal thickness was seen only on the right eye (Fig. 3) . The patient was kept under close follow-up given her stable BCVA.
Case 4
A 56-year-old man consulted for blurred vision in his left eye that has been present for over 21 years. He has a history of one CSC episode that has been treated in the past with one session of Argon laser and a session of photodynamic therapy (PDT). Otherwise, he had no significant medical or surgical history. On the day of presentation, BCVA was 20/20 OD and 20/80 OS. Anterior segment on slit-lamp examination revealed no abnormality. Dilated funduscopic examination showed reduced fundus tessellation on both eyes with zones of hypopigmented and hyperpigmented RPE changes, and a tilted disc in both eyes. Fundus fluorescein angiography (FFA) of the left eye showed multiple areas of hyperfluorescence consistent with leakage from CCSC but no evident sign of the presence of CNV. Spectral-domain optical coherence tomography (SD-OCT) showed subfoveal disruption of the ellipsoid zone. Enhanced depth imaging-optical coherence tomography (EDI-OCT) revealed SFCT of 470 lm OD and 369 lm OS. Again, OCTA confirmed the presence of sparse tangled hyper-reflective filamentous neovessels in the choriocapillaris region, only in the affected eye (Fig. 4) . Given his stable BCVA over the last few years, the patient continued to be observed without intervention.
Case 5
A 71-year-old man with no medical history or history of steroids use presented with a central scotoma in the right eye for over 35 years. He had an ocular history significant for CCSR OD, which was treated with Argon laser, and diffuse retinal epitheliopathy OS, which was also treated with Argon laser with good improvement. On examination, BCVA was 20/40 OD and 20/20 OS. The results of anterior segment examination were unremarkable. Dilated fundus examination revealed decreased markings of choroidal vessels on both eyes with decrease in multifocal RPE changes. Spectraldomain optical coherence tomography (SD-OCT) OD showed multiple shallow serous PED inferotemporal to the fovea. Subfoveal choroidal thickness (SFCT) on EDI-OCT measured 381 lm OD and 558 lm OS. Optical coherence tomography angiography (OCTA) images demonstrated the same aspect of tangled filamentous neovessels that corresponded to the type 1 neovascularization adjacent to a focal thickened choroidal area (Fig. 5) . Given the stability of the BCVA OD that was 20/40 during the last visit, the patient continued to be followed closely without treatment.
Discussion
Fundus fluorescein angiography (FFA) and ICG require injection of intravenous markers for the diagnosis of neovessels, which can confer risks for patients such as nausea or even anaphylaxis in some rare cases (Su et al. 2012) . Optical coherence tomography angiography (OCTA), with its specific software algorithm that is based on split-spectrum amplitude decorrelation angiography, allows visualization of both retinal and choroidal flow and structure without injection of any intravenous dye, which makes it a safe tool for the diagnosis and follow-up of CNV. We hereby describe the specific feature of the neovessels in PNV as seen on OCTA and try to elaborate some basics pathophysiological mechanisms that may explain their localization. Coscas et al. (2015) have recently studied CNV activity in exudative agerelated macular degeneration (AMD), comparing OCTA versus traditional multimodal imaging. In their classification, quiescent lesions were imaged as typical long filamentous linear vessels branching into other large mature vessels, with rare or absent anastomoses, and characterized by a dead tree appearance at the vessel's termini. In all our patients, the CNV were of type I (subepithelial) and very similar to the quiescent lesions described by Coscas et al. (2015) , which presumes their quiescent nature.
In a recent report, Palejwala et al. (2015) have shown that OCTA may detect the presence of non-exudative CNV in AMD, lesions that are difficult to detect with FFA and OCT. They found a rate of 6% of type 1 CNV with OCTA that were not associated with leakage on FFA or fluid on OCTA. Likewise, FFA and ICGA performed in two of our cases could not precisely detect the presence of neovessels, whereas OCTA constantly revealed the presence of a tangled filamentous vessel network. Therefore, these findings suggest that in some cases, OCTA may detect CNV before FFA and ICG in PPE. However, more data remain necessary to study their natural history and evolution.
In some cases of patients presenting with PNV, SD-OCT B-scans showed a slightly protruding PED with an undulating RPE. This 'double-layer sign', initially described in PCV by Sato et al. (2007) and consisting of RPE and Bruch membrane, represented the branching vascular network in PCV, particularly in eyes with a serous retinal detachment. This sign reflects fluid accumulation between RPE and Bruch membrane resulting from leakage from the network of abnormal vessels. On the other hand, this same sign has been described in a series of CCSC patients presenting with CNV, which was detected on OCTA but not with other imaging techniques (Quaranta-El Maftouhi et al. 2015) , and was suggested to be associated with PCV development. However, contrary to the findings of Pang & Freund (2015) who found in their series the constant appearance of polypoidal structures within the neovascular tissue when the 'double-layer sign' is present, we only found polypoidal lesions in two of our five patients. Therefore, the fact that OCTA did not reveal polypoidal lesions in all our cases may reflect a blood flow speed in the polyps not detectable by this technique, underestimating the fact that the 'double-layer sign' may be a premonitory sign of PCV. Moreover, Dansigani & Freund (2015) have recently demonstrated that the presence of the specific pattern of tangled vascular networks in patients presenting AMD and treated with prolonged anti-VEGF treatment is associated with a decreased likelihood of geographic atrophy development. These vessels were always associated with the presence of a fine irregular PED. The same finding is encountered in our patients. In fact, the presence of a long-standing preserved visual acuity and the relatively minimal functional signs felt by most of patients can be explained by the slow development and chronic nature of the lesions seen in PPE. This form of NVC may represent an attempt of reformation of the choriocapillaris that may have followed the dilation of choroidal vascular tissue. This may explain the localization of those neovessels adjacently to the border of the dilated vessels as seen on OCTA, just where the healing process might have taken place. Whether these filamentous vessels that have few anastomosis traduce the presence of a stable shunt that brings sufficient oxygen and nutrients to the surrounding retina, or an unstable neovessel network that may present with PCV, remains to be understood.
Our study has the limitations inherent to case report studies. It is limited by the small sample size and its observational design. Moreover, we could not perform FFA and ICGA in all patients, which would have been of greater benefit for imaging interpretation. However, the focus of this study was mainly to describe, interpret and speculate physiological mechanisms relative to the CNV appearance and localization as seen on OCTA in the context of PNV. In conclusion, larger series with longer follow-up periods are necessary to understand the insights of image findings of OCTA, and therefore validate it as a reference tool for the diagnosis, management and follow-up of vascular changes seen in PPE and incriminate it in appropriate therapeutic scheme. 
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